The level and determinants of airborne concentrations were estimated by collecting air samples at 1206 fixed sites across a geographic area associated with primary oil and gas industry in the rural western Canada, in the provinces of Alberta, north-east British Columbia, and central and southern Sasketchewan from April 2001 to December 2002. Benzene concentrations integrated over one calendar month were determined using passive organic vapor monitors. Previous work applied linear mixed effects models to identify the determinants of airborne benzene concentrations, in particular the proximity to oil and gas facilities. We present results of a more flexible model using cubic splines to accommodate nonlinearities in the effects of determinants of airborne benzene concentrations, as well as time. Benzene concentrations exhibited monotonically increasing time trends for the months from July through December, and monotonically decreasing time trends corresponding to the months from December to July. We illustrated here how cubic splines can be used to identify complex relations between proximity to point sources of air pollution and observed extent of contamination, during the study period, and identified batteries as an important source of benzene emissions that was missed in previous analysis of the same data. These findings contribute to better understanding how positioning oil and gas facilities impacts air quality.
INTRODUCTION
Benzene is a colorless, flammable liquid that easily volatilizes. It is produced from both coal and petroleum sources and is naturally present in crude oil. Based on classification schemes to evaluate exposures that may be carcinogenic, the International Agency for Research on Cancer [1] , the Environmental Protection Agency [2] , and The National Toxicology Program [3] rated benzene in their highest carcinogenic class. Low level exposure to benzene is widespread in the general population, making it an important public health concern [4, 5] . Also, there is considerable uncertainty on a threshold for toxic effects over prolonged exposure [6, 7] .
The impact of emissions from oil and gas industries on animal health is a major concern in western Canada, among beef cattle producers, as their pastures and primary oil and gas facilities often overlap [8] . A study to evaluate the impact of exposure to emissions from oil and natural gas facilities on animal health was initiated by the Western Interprovincial Scientific Studies Association (WISSA). The epidemiological study focus was on health effects of low levels of exposure [9] . WISSA oversaw the design, funding *Address correspondence to this author at the Department of Public Health Sciences, School of Public Health, University of Alberta, Edmonton, Alberta, Canada; Tel: (780) 492-8336; Fax: (780) 492-0364; E-mail: idinu@ualberta.ca and implementation of the project, including collection and analysis of exposure information [10] [11] [12] . WISSA also provided funding for some of the data manipulation presented in this manuscript.
The goal of this paper is to model benzene concentration as a function of distance to sources of emissions around sampling sites, adjusting for monthly effects and repeated sampling at the same location and month, in the context of the WISSA study introduced above. Exposure to benzene is of interest because in the WISSA study it was observed that exposures to benzene in excess of 0.236 μg/m 3 (month-long average) were associated with a small increase in time-topregnancy (a measure of sub-fertility) in cattle [13] ; it must be noted that relevance of these findings to human health in the affected region is currently unclear. Consequently, there is some interest in refining our understanding of factors that influence exposure to benzene in this context. Previous work [14] , assumed that the logarithm of benzene concentration depends linearly on the function of the proximity scores of monitoring stations to sources of emissions [15] . As a result, the concentration of benzene depended on the distance to the source by a function that was forced to resemble exponential decay, which seems reasonable especially for those sources emitting benzene at ground level. However, for those sources which are not emitters at ground level (e.g. from a stack or a pipe on an elevated structure) the benzene concentration peaks at a certain distance, and then decreases as we get further away from the source. In such cases, the assumptions that the logarithm of benzene concentration depends linearly on the distances from sources, and that the benzene concentration follows an exponential decay function are no longer appropriate. Failure to model nonlinearities in the effect of a covariate may result in missing its effect on the response [16] . We propose to use cubic splines [17] to relax this assumption about the shape of the relationship, resulting in a more flexible form of the dependence of benzene concentration on distances from sources. Furthermore, previous work [14] modeled the effect of time by using a binary summer/winter type of variable. We use cubic splines to model time through a continuous function, allowing more flexible control for this covariate and thereby more effectively adjusting for its influence on the main association of interest: impact of the proximity to oil and gas infrastructure on the extent of air pollution by benzene.
MATERIALS AND METHODS

Study Design and Methods
This large scale project gives a unique setting for studying determinants of environmental benzene concentrations in rural area, with a variety of facilities of primary oil and gas industries. Detailed descriptions of the sampling strategy, sampling devices and chemical analyses, and determinants of benzene concentration are provided elsewhere [10, 14] . Briefly, replicated benzene concentrations were available from April 2001 to December 2002, at various monitoring stations scattered throughout oil and gas producing region of western Canada that also overlapped with cattle ranching, please see Fig. (1) for a map of the area (in the figure, VOC sands for a panel of "volatile organic compounds" that include benzene). Replicate measurements were collected for each month of the sampling campaign, in a random sample of 10% of the locations. The same collection and analysis methods were used for all samples and replicates. All monitors were set 1.5 to 1.8 meters above the ground, at sites following several criteria. Each site was away from minor sources of exposure, such as roads, farm equipment operated by internal combustion engines, more than 100 meters from fuel and farm equipment storage areas, and local oil field equipment; more than 10 meters from roadways and other areas where vehicles were to be expected; outside the immediate area of local oil and gas facilities, to avoid "worst-case" sampling; at least 20 meters from the nearest tree canopy, as defined by drip line; away from buildings, hay storage, and other objects that may obstruct air flow; and in flat terrain. Airborne vapors were collected by exposing 3M Organic Vapor Monitor 3500 badges for one month periods. Benzene was extracted with carbon disulphide and analyzed by gas chromatography. The extraction recovery efficiency was 95%; the airborne sampling rate estimated to be 38.6ml/min. Deviations from standard application of the vapor monitors, including airborne sampling rate, were examined under experimental conditions and it was observed that sampling rates were insensitive to temperature, relative humidity and air velocity [18] . Little re-volatilization was observed in experimentally generated atmospheres over a wide range of environmental conditions. None of measurements of benzene concentration were censored for the limit of quantification, and actual instrument readings were used in calculating air concentration. Sampling and analytical procedures were developed and implemented by AirZone One Inc. (Mississauga, Ont., Canada), a commercial laboratory contracted by WISSA to analyze benzene samples. Distances between each source and monitoring station were estimated based on coordinates of monitoring stations and oil and gas facilities supplied by the provincial regulatory (government) agencies. Air benzene concentrations were measured at 1,200 sampling locations, from April 2001 to December 2002, for a total of 11,375 observations. Following [14] , we studied the following sources as potential determinants of benzene concentrations: batteries, oil wells, gas wells, bitumen wells, other wells, and compressors and/or gas plants.
Statistical Analysis
Cubic splines have been found to have a good ability to fit sharply curving shapes over the entire range of the predictor variable [19] . We describe here our approach in modeling the dependency of benzene concentration on time and distances from various source types. More specifically, for a given monitoring location l we consider only sources situated within 100 km, and summarize across sources by taking the inverse distance of the closest source of a specific source of type i to that monitoring location (note that in our previous work summary function of distance to all sources of a given type was examined), i.e.:
1 , if at least one source of type i is within 100km of location l
0, otherwise
For a given source of type i, we assume that the benzene concentration at a given monitoring location l, follows a cubic spline function with k knots, given by: 
Here we denote by t 1 , …, t k , the k knots and follow the recommendations given in [14] when choosing the number and position of knots. Previous work [20] showed that the location of knots in a cubic spline model is not very crucial and that the fit depends much more on the choice than the number of knots (k). For a large sample size (n 100), it is recommended to use five knots. Therefore, we chose five knots located at the inverse of 0.5 km, 2 km, 10 km, 20 km, and 50 km to construct our cubic splines for the various source types. 
where 0 , 1 ,... k 1 represent the k coefficient parameters corresponding to the basis giving the cubic spline function, X h 1 = X h , and for r=1,…,k-2,
Overall, we propose the following model for benzene concentration:
where Y jlh is the logarithm of benzene concentration of the jth replicate at the l-th sampling site, h-th consecutive month, h is the random effect of the h-th month, l is the random effect of the l-th location, and j (hl ) is the random effect of the j-th replicate nested in the l-th location and the h-th month. As in the previous work, we assumed that
, and j (hl )~N (0, 3 2 ) , and that these are mutually independent.
To select a final model, we first fit regression models consisting of terms corresponding to individual sources, and calculate the likelihood-ratio test (LRT), which is the change in deviance from the null model. Then, we carried out a forward selection process, adding terms to this model, while preserving the group structure of each term, rather than adding one coefficient at a time [16] . For multiple regression models, the LRT is the change in deviance when that term is added to the model via the forward selection procedure. The predictors were screened for multicolinearities using Pearson correlation coefficient. Plots of residuals were used to examine the assumptions of mixed effects models. Statistical analyses were performed using SAS software, version 9.1 (SAS Institute Inc., Cary, NC), and R package, version 2.5.1 [21] .
RESULTS
The distributions of distances of nearest source to monitoring stations, for each nearest source type within 100 km, are presented in Table 1 . It appears that there is a fairly good coverage from 0 km to 100 km, for all the source types, except for bitumen wells. There were no bitumen wells within 9.7 km of any monitoring stations, and approximately 75% of the sources are located at distances larger than 34.4 km of monitoring stations. Given this lack of data at closer distances, it was unlikely we would be able to get reasonable predictions of the impact of bitumen wells on air concentration of benzene. Also, previous analysis did not find bitumen well to be a significant predictor of benzene concentrations [14] . Based on these considerations, we excluded this variable from the model-building process. After screening for multicolinearities, we did not exclude any of the variables, with 0.35 being the largest correlation coefficient.
Likelihood-ratio tests in Table 2 indicate that individual sources are important in explaining benzene concentrations, with the largest effect corresponding to time. The final model selected by the forward procedure consists of time (LRT X 2 =2777.2, p-value<0.0001), oil wells (LRT X 2 =151.1, p-value<0.0001) and batteries (LRT X 2 =26.8, pvalue<0.0001) ( Table 2) .
We displayed in Figs. (2, 3) Figs. (2, 3) represents distance away from oil wells only, and batteries only, respectively. The predicted benzene concentrations curves versus distance away from both oil wells and batteries (e.g. both one oil well and one battery 10 km away from the monitoring station) are displayed in Fig.  (4) , for the same months as described above. As there was no variation in the functions at larger distances, we chose to present the distance axis up to 50 km. For oil wells, our findings are not supportive of a peak in the benzene concentration at a certain distance. However, for batteries, the fitted cubic spline function indicated a peak at around 800 m, and then a decrease as we get further away from the source. Fig. (4) indicates that maximum concentrations were predicted at approximately 800 m away from both oil wells and batteries: for example, in the month of December 2002, a maximum concentration of 7 μg/m 3 was predicted when both an oil well and a battery are at approximately 800 m away. These predicted concentrations cover the entire range of observed benzene concentrations, from <0.0005 (5.3% of observation that are below the limit of detection) to 9.036 μg/m 3 and indicate that our model has a good fit and predictive power (NB: geometric mean of the observed month-long average benzene concentration was 1.58 μg/m 3 with geometric standard deviation of 4.93). These findings indicate that the concentrations of benzene at which health effects in cattle were observed [13] can be explained by proximity to oil and gas infrastructure. Examination of the plots of the standard error bands around the fitted cubic spline functions corresponding to log scale of benzene concentrations (plots not shown) indicated increasing variability of the fitted curves within approximately 800m from the source, with a magnitude of the standard error band around the fitted logarithm of benzene concentration curve of 0.3 at approximately 800m away from the source), followed by a decrease and stabilization as we get further away from the source, with a magnitude of the standard error band around the fitted logarithm of benzene concentration curve of 0.1 at approximately 800m away from the source. Examination of residuals did not indicate severe violations of the assumptions underlying the models (plots not shown).
The following estimates of random effects were obtained for the final model: between-location variance of 1.29 (standard error (SE)=0.11), month-to-month variance of 0.004 (SE=0.0005), and between-repeat variance of 1.59 (SE=0.02). An increase of 87% and 8% in the magnitudes of these estimates for between-location and between-repeat variance, respectively, compared to those reported in [14] , may be attributed to the bias-variance tradeoff, i.e., a more flexible model such as the one we used based on the cubic splines is expected to improve upon distortion of the shape of the association (bias) at the expense of increasing the variance. The fact that the magnitude of month-to-month variance in [14] was 100 times larger may be explained by the fact that they used a winter/summer type of variable, and we used consecutive months.
DISCUSSION
This large scale study of determinants of environmental benzene concentrations in rural area is ideal for the use of cubic splines: its large size allows for enough knots to capture the fluctuations in benzene concentrations; the cubic splines are flexible enough to fit sharp shapes. We were able to construct a novel benzene exposure model that identified oil wells and batteries as important source of emission, after allowing for time trend and random variation among repeats. Previous work [14] indicated oil wells as important, with an estimate of 0.49 on the logarithm of benzene concentration scale. The size of the nonlinear effect in our model was fairly similar, 0.53 on the logarithm of benzene concentration scale. The proximity to batteries shows a significant nonlinear effect, which was not previously detected by the linear model [14] . Modeling nonlinear effects of distances from sources is important, as it may have an impact on assessing significance of candidate variables in predicting benzene concentrations. It is worthwhile to mention that previous analysis of WISSA data suggested an influence of batteries on benzene concentration, although not in a straightforward way. More precisely, You et al. [22] found out that proximity to batteries (within 2 km) was most influential in determining monthly airborne concentrations of components of a factor summarizing concentrations of all compounds similar to benzene among 26 volatile organic compounds candidates, based on principal component analysis.
We were able to fit a reasonable dependency function of benzene concentration on time, indicating monotonically increasing trends for the months from July through December, and monotonically decreasing trends corresponding to the months from December to July. Our findings that the benzene concentrations are higher in the month of December than July are in line with previous work [23] , reporting that 24-hour benzene concentrations are a factor of 4 to 8 higher in January and February than in June and July, and also with a report that a 3-4 fold difference in monthly benzene concentrations between cold (November to April) and warm (May to October) seasons (in the same dataset as examined here) [14] . The greater abundance in summer of OH-radical that degrades benzene is usually used to explain such seasonal trend [24] .
There are, however, limitations to our modeling approach. We summarized over sources of certain types, by taking minimum distances to monitoring stations. The validity of this approach relies to a large extent on soundness of the assumption that the closest source impacts the benzene concentrations is the most potent/influential one. Another limitation is that we overcome the lack of sources of certain types within 100 km of some of the monitoring stations by approximating their inverse distances to those monitoring stations with zero. We note that a similar approach was taken in [14] , when the proximity scores were set to zero for those monitoring stations that did not have any sources of a certain type in a fixed distance. Another limitation is that the present work is based on the assumption that the distances from sources to monitoring stations were determined with negligible error. Previous work [25] showed that if the error was appreciable, then the shape of the association of interest can be distorted and power to detect associations diminished. Although this was shown under different parameterization of separation distance, a similar effect may be expected using our proposed model [26] .
We have no data on wind speed and direction, but Alberta does not have strong prevailing winds and our prior work with direction seminvariograms did not reveal any general trends for concentrations [22] . Therefore it is unlikely that wind patterns, especially for month-long averages, are an important source of variance. But this of course can be studied further, especially in assessment of each specific facility, in which case matters of local topology and weather pattern will also have to be examined.
A variety of models and relevant variables to be included have been proposed to study the relationships between airborne concentrations and distance from the source [27] [28] [29] . Overall, our work indicates how cubic splines can be used to identify complex relations between proximity to point sources of air pollution and observed extent of contamination, and identified batteries as an important source of benzene emissions that was missed in previous analysis of the same data. This last finding contributes to better understanding how positioning of oil and gas facilities impacts air quality and may be of considerable impact on assessment and management of risk to health, especially if the findings that long-term exposure to benzene above 0.236 μg/m 3 affect cattle fertility [13] is found to be relevant to human health.
